Under the threat of predation, animals can decrease their level of risk by moving towards other individuals to form compact groups. A significant body of theoretical work has proposed multiple movement rules, varying in complexity, which might underlie this process of aggregation. However, if and how animals use these rules to form compact groups is still not well understood, and how environmental factors affect the use of these rules even less so. Here, we evaluate the success of different movement rules, by comparing their predictions with the movement seen when shoals of guppies (Poecilia reticulata) form under the threat of predation. We repeated the experiment in a turbid environment to assess how the use of the movement rules changed when visual information is reduced. During a simulated predator attack, guppies in clear water used complex rules that took multiple neighbours into account, forming compact groups. In turbid water, the difference between all rule predictions and fish movement paths increased, particularly for complex rules, and the resulting shoals were more fragmented than in clear water. We conclude that guppies are able to use complex rules to form dense aggregations, but that environmental factors can limit their ability to do so.
Introduction
Animal aggregations often arise in response to predation threat, and the antipredator benefits of grouping have been extensively considered (e.g. [1] [2] [3] ). These benefits include dilution [4] , encounter-dilution [5, 6] and confusion effects [7] [8] [9] [10] , through which individuals benefit from reduced risk arising from the presence of con-or heterospecifics in close proximity. The selfish herd hypothesis [11] suggests a further benefit to individuals: risk for any particular individual in the group can be reduced, but at the expense of other group members, for whom risk is increased. Individual risk is defined by the 'domain of danger' (DOD), the area of space containing all points closer to the focal animal than to any other individual, and the selfish herd hypothesis suggests individuals should position themselves within groups to minimize the size of their own DOD [11] . A significant body of theoretical work has evaluated the success of various behavioural 'movement rules' in minimizing DODs and creating compact groups of individuals either once stable aggregations have formed [11] [12] [13] [14] [15] or during the process of aggregation itself [16, 17] .
In theoretical models, simple rules by which animals move towards their nearest neighbour [11] tend to be outperformed by more complex rules, in which the position and distance of multiple neighbours are accounted for [14, 18, 19] . These complex rules generate more compact aggregations in which a greater proportion of the group are able to reduce the size of their DOD. Simple rules can, however, result in more rapid initial reduction in DOD area [17] , which might be particularly important when animals have little time to respond following detection of a predatory threat [16] . Simple rules have been criticized for their inability to produce the dense groups seen in nature [12, 14] , whereas more complex rules may be cognitively too complex for animals to follow [20, 21] .
The empirical study of selfish herd movement rules lags behind theory, with limited examples providing opposing evidence. Fur seals (Arctocephalus pusillus pusillus) moving through areas of high risk of predation from white sharks (Carcharodon carcharias) appear to move towards their nearest neighbour rather than evaluating the position of multiple neighbours [21] . On the other hand, domestic sheep move towards the centre of the group when herded by a sheep dog [22] , and three-spined sticklebacks (Gasterosteus aculeatus) move towards an individual that can be reached more quickly rather than one that is spatially closer [23] , although these two cases did not evaluate alternative rules.
To experimentally test the predictions of the selfish herd hypothesis, we investigate the selfish herd movement rules used by guppy shoals (Poecilia reticulata) in response to a simulated predator, comparing actual movement paths with the predictions of a simulation model. We assess the difference between the movement direction of each fish and the predicted direction if that fish were following a range of different rules, including simple and complex algorithms, and thus provide the first experimental comparison of multiple movement rules.
Theoretical models assume that individuals using a particular rule are able to gather all the information necessary to make an informed decision without error. In reality, errors in the evaluation of the position of neighbours may lead to movement patterns that are not consistent with optimal movement rules. As errors may be exacerbated by environmental conditions [19] , we explore the impact of increasing environmental turbidity on the selfish herd responses of our guppy shoals. In aquatic systems, increasing turbidity degrades the visual environment, shortening response distances to conspecifics [24, 25] , predators [26, 27] and prey [28] [29] [30] in many species including guppies [24, 25] . We predict that increasing turbidity will result in either (i) a switch from more complex to simpler rules as fewer shoalmates can be detected or (ii) increased error in evaluation of the position of shoalmates, leading to increased error in following any rule.
Material and methods (a) Study species and husbandry
All fish were descendants of wild-caught guppies from Trinidad, captured in 2005/2006 from multiple populations that were subsequently mixed in 2011. Fish were maintained in groups of approximately 40 in stock aquaria (200 Â 400 Â 400 mm) on a recirculating system at the University of Hull. Temperature was held at approximately 268C on a 12 L : 12 D cycle and fish were fed daily on ZM small granular feed (0.5-0.8 mm; ZM Systems, Hampshire, UK). Experimental shoals consisting of 10 guppies (n ¼ 12 shoals) were created by taking female fish of similar size from stock tanks and placing them in separate holding tanks (20 Â 20 Â 20 cm) for 24 h before experiments began. All fish in a shoal measured within 5 mm of every other; mean size of fish in shoals varied from 15 to 29 mm. Shoals differed in mean body size (ANOVA: F 11,108 ¼ 123.3, p , 0.001), but there was no difference in shoal heterogeneity between shoals (Levene's test:
Only females were used as they form the core of guppy shoals [31] and to reduce the confounding effect of sexual behaviour on association patterns. Shoals were kept in these tanks for 24 h before experiments began.
Turbid water was created using a widely distributed unicellular, motile algae species Chlamydomonas (Phytotech lab, KS, USA), previously used to disrupt vision in fish [25, 32] . Algae was grown in a medium containing de-ionized water and Bold's basal medium solution (Phytotech lab) at 208C, in cylindrical culture vessels (5 cm in diameter, 50 cm in height) with a constant light source and airflow. Cultures were left to reach high concentrations (approx. 400 NTU) and then diluted with water from the aquarium system for experiments to reach approximately 20 NTU, equating to a 10 cm visual range measured using a Secchi disc. Using this species ensures algal turbidity remains relatively stable over a period of up to 75 min [25] .
(b) Experimental design
Experiments were carried out in a white circular shoaling tank 50 cm in diameter with graduated sides, such that the water depth decreased from 5 cm in a central area (20 cm in diameter) to 0.5 cm at the edges. This discouraged guppies from swimming around the edge of the tank or using the tank sides as a potential refuge. Shallow water restricted shoals to closer to two dimensions, and facilitated tracking of individual fish in turbid water; such shallow water is also a realistic representation of much of the stream habitat of the source populations. Trials were recorded from above using a Microsoft Lifecam suspended 40 cm above the surface of the water. A monofilament fishing line was attached to two points either side of the tank out of view of the fish, and ran over the centre of the tank, passing 5 cm above the camera (45 cm above the water surface) at a 458 angle. From this, a model bird predator (an oval piece of black card 10 cm long and 4 cm at its widest point) was dropped such that it passed over the centre of the tank at a speed of approximately 3.8 m s
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, without obscuring the view of the fish. The camera was sufficiently small (23 mm diameter) that the predator was visible to the prey at all times as it passed over the tank.
Shoals were allowed to acclimatize in the shoaling tank for an hour. Then, at a point when the fish were dispersed across the tank ( judged by eye), the model predator was released. Previous work has shown this is sufficient to elicit a clear and distinct antipredator response in guppies [25] . Each shoal was tested twice (once in clear and once in turbid water, in a randomized order). After the first trial, guppies were placed back into the holding tank and tested 24 h later in the alternate water treatment. Guppies show no acclimatization to simulated aerial predation attempts on this time scale [25, 33] . The water in the tank was changed after every experiment to prevent the buildup of any olfactory cues. At the end of the second trial, fish were measured (standard body length) to the nearest 0.5 mm using calipers, and returned to stock tanks. As the fish were not marked, it was not possible to identify individuals within shoals between the two treatments.
(c) Movement rules: fish
To identify the movement pathways of individual fish, we used VIRTUALDUB (http://www.virtualdub.org) to convert videos into a stack of images at 15 fps for each shoal. These were then analysed in IMAGEJ (http://imagej.nih.gov/ij/) using the manual tracker plugin MtrackJ. Each fish was tracked by taking the XY coordinate (taken from the nose of each individual as we were interested in movement direction) starting from just before the simulated predator flew over the tank until they had stopped moving in response to the predator. As our interest lay in the aggregation rules used, we used only this part of the anti-predator response in our analysis. Fish typically respond to a threat using a range of responses including a C-start, darting and freezing motion: aggregation typically begins after this initial response (which was observed in all individuals in our experiments), and so we restricted our analysis to movement occurring after this. For each individual, we used only the movement in the first six frames (0.4 s) after it initiated aggregation, and calculated the movement speed of each individual (distance moved/time) for use in the modelling. Simultaneously, we recorded the position of every other fish in the shoal at the point at which the focal fish began aggregation, regardless of rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151558 where in their own movement sequence they were. These positions were used as the start locations for the fish in modelling the predicted paths (see below). For individuals which did not initiate aggregation (remained frozen), we could not predict a path, and so these fish are excluded from our analysis as focal fish, but are included as group mates for other fish (n ¼ 3/120 individuals in clear water and 15/120 individuals in turbid water). Our results are robust to the choice of six frames (see the electronic supplementary material).
(d) Movement rules: model predictions
Predicted paths were generated using the agent-based selfish herd modelling framework described in [16, 17, 19, 34] . For each shoal, ten point-like agents representing the fish were placed into a circular arena at the positions defined by the locations of the fish in the experimental trials. We assume that all individuals follow the same movement rule, and track the predicted paths of each fish over six time steps. We considered five different movements rules (table 1) , following previous work on the topic: nearest neighbour (NN), 2 nearest neighbours (2NN), local crowded horizon (LCH), group centre (GC) and movement away from the final position of the simulated predator (AP).
The start of the simulation represented the time at which the focal fish started moving, and all individuals began moving simultaneously [11, 12, 14, 16] . In each time step t (t ¼ 1/15 s to match the frame rate of the video), each prey identified its target location and moved towards that location using the speed of that individual as measured from the video. All individuals moved simultaneously and updated their target location in each time step.
At the end of the simulation, we calculated the difference in movement direction between the start and end points of the focal fish, and the start and end points of the predicted movement path of that fish for each of the rules, giving us a movement error measured in degrees (hereafter, 'error'; see the electronic supplementary material for example movement paths). The error measurement took values between 08 (representing an exact follow of the rule) and 1808 (a fish moving in the opposite direction to the predictions of the movement rule). We also investigated how the predicted pathway of each rule for each fish differed, and if the best-performing rule acted in combination with movement away from the predator (see the electronic supplementary material). All modelling was carried out in MATLAB v. R2011a.
(e) Shoal cohesion
To evaluate overall aggregation levels, we counted the number of neighbours within three body lengths [35] of each fish, one frame before the simulated predator threat and once a stable aggregation had formed. As fish were variable in size, but it was not possible to individually identify fish from the video, we used the mean body length of each shoal as our measure of distance for that shoal.
(f ) Statistics
To assess the success of each rule in explaining the movement of the fish, we compared the error measurements (difference in movement angle between the fish and the prediction) for each rule using linear mixed-effects models, with rule and water type as fixed effects, and shoal identity a random factor to account for the repeated measures nature of the data. Error was square-root-transformed to meet the assumptions of normality. Non-significant interactions were removed and only main effects are presented here [36] . The model was then re-run on clear and turbid water separately, using rule as the fixed effect. Pairwise comparisons of rules were achieved by setting each movement rule as the main intercept (re-levelled the data) in clear and turbid water. To assess whether the error for each rule differed between clear and turbid water, we used paired Wilcoxon signed-rank tests on each rule separately. If fish were moving randomly (i.e. not following any rule), we would predict a mean error of 908, so we assessed whether movement was closer to each rule than to random movement (i.e. if error differed from 908) using one-sample Wilcoxon signed-rank tests. p-values were corrected for multiple testing using the Benjamini & Hochberg [37] false discovery rate (FDR) control method.
We assessed the effect of turbidity on the time (number of frames) taken to initiate aggregation and the effect of turbidity, predation threat and their interaction on number of near neighbours (within three body lengths) using generalized linear mixed effects models (GLMER) with Poisson error distributions (as appropriate for count data) and shoal identity as a random factor (to account for repeated measures). We added an observation level random effect [38] to account for any overdispersion in the data. Pairwise comparisons were made using the same model structure on subsets of the data. All analysis was carried out in R v. 3.1.2 (R Development Core Team, 2011).
Results (a) Movement rule
There was no effect of turbidity on the time (number of frames) taken to initiate aggregation (Z ¼ 21.17, p ¼ 0.241). However, both water clarity (F 1,1121 ¼ 32.1, p , 0.001) and rule (F 1,1121 ¼ 8.87, p , 0.001) had an effect on error, but there was no significant interaction between them. In clear water, we found a significant effect of movement rule on Table 1 . Description of the proposed movement rules for individuals aggregating under the threat of predation (adapted from [16] ).
rule description movement away from predator (AP) [13] individuals move in the opposite direction (1808 angle) away from movement of predator (i.e. a potential strike location) nearest neighbour (NN) [11] individuals moves towards closest neighbour in space 2 nearest neighbours (2NN) [12] individuals moves towards the average location of 2 nearest neighbours group centre (GC) [13, 21] individuals move towards the area in the centre of all individuals within the group local crowded horizon (LCH) [14] individuals moves towards the area with the densest concentration of conspecifics; closer individuals have a stronger influence on direction, whereas distant individuals exert a weaker force; the perception function used is f(x) ¼ 1/ (1 þ kx) , where x is the distance from the focal individual, and k ¼ 0.375 [14] rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151558 error rate (F 4,571 ¼ 7.74, p , 0.001; figure 1a ). More complex rules, accounting for more neighbours (GC and LCH), had a lower error relative to fish movement compared with the more simple rules (NN, 2NN) and movement away from the predator (AP). In terms of their ability to predict the path of the fish, there was no significant difference between GC and LCH or between the three simple rules, but GC and LCH were significantly better at predicting movement paths than NN or 2NN (table 2) . In turbid water, we saw no effect of movement rule on error rate (F 4,509 ¼ 2.61, p ¼ 0.304; figure 1b) . Pairwise comparisons suggest AP is less good at predicting movement than 2NN, GC or LCH ( figure 1a) . In turbid water, the more complex rules (2NN, GC, LCH) predicted movement more accurately than expected by chance while the simpler rules (AP, NN) were no better than chance at predicting movement (table 3 and figure 1b).
(b) Shoal cohesion
There was a significant interaction between treatment (clear and turbid) and time (before and after) on the number of near neighbours an individual had (table 4 and (table 2) . Table 2 . Pairwise comparisons of the ability of the five different movement rules to predict the movement path of the fish in clear (white) and turbid (shaded) water. Significant p-values are highlighted in bold. In all cases, n ¼ 12 shoals of 10 fish each.
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water, but after the attack, shoals were more cohesive in clear water (Z ¼ 24.841, p , 0.001; figure 2 ).
Discussion
Our results demonstrate that shoaling guppies are more likely to use complex (LCH or GC) rather than simple (NN or AP) movement rules when aggregating under the threat of predation, resulting in the formation of more compact shoals, as predicted by the selfish herd hypothesis [11] . Our study provides the first evidence that grouping animals are able to use the position of multiple neighbours when making facultative aggregation decisions under the threat of an imminent predatory attack. We know from previous works that fish are able to consistently choose the numerically larger [39, 40] or denser of a pair of shoals [41] , and are able to distinguish between shoal sizes of 40 and 60 individuals [42] , yet pairwise interactions are sufficient to capture spatial patterns of shoaling in groups of 30 under non-threat conditions [43] . The ability of animals to use complex rules has been questioned [12, 14, 20] , but our results suggest that guppies are cognitively capable of responding to the position of multiple group mates. Under the degraded visual conditions associated with turbidity, we predicted that guppies would either switch from complex to simpler rules, or show a decreased ability to follow any particular rule. Our results support the second of these predictions: in turbid conditions, the difference between the predicted and actual paths of the fish increased, particularly for GC and LCH rules. This led to the formation of shoals that were more fragmented than those seen in clear water. Turbidity acts to reduce the visual information available to the individuals, and may explain why Cape fur seals move towards one or two nearest neighbours when under threat, rather than accounting for multiple group members [21] . An alternative explanation is that fish in turbid water have a reduced perception of risk (e.g. [44, 45] ; but see [25] ) and so are less motivated to seek shelter with their group mates than fish in clear water, reducing the need to use rules to aggregate. However, there was no effect of water clarity on the time (number of frames) it took fish to initiate aggregation, suggesting no difference in risk perception between clear and turbid water, although fish were more likely to remain frozen in turbid water (proportion test: X 2 ¼ 7.27, p ¼ 0.007 [25] ).
The inability to form cohesive groups in visually poor environments could ultimately alter predation risk and survival. Although in our study the mean number of close neighbours did not differ between clear and turbid water before the simulated predation attack, previous work has shown that high levels of turbidity can lead to the formation of looser aggregations under non-threat conditions [24, 25] . This implies that already increased inter-individual distances could exacerbate the reduction in ability to respond to multiple neighbours we observed here, leading to further dispersal of prey shoals. If groups are less cohesive, then the anti-predator benefits associated with large, dense groups, such as confusion [8, 9] and dilution effects [5, 7] , are likely to be weakened, increasing individual predation risk. Different types of turbidity may affect behaviour in different ways. In aquatic environments, suspended sediment reduces the transmission of light through water (light attenuation), increases scattering [46] and reduces visual range [47] . Algal turbidity (as used here) can additionally act to shift the spectral composition of light towards green wavelengths [48, 49] , while dissolved organic matter shifts wavelengths into the longer orange/red Table 3 . Results ( p-values correct for multiple testing using FDR) from one-sample Wilcoxon signed-rank tests, testing if the movement used by the fish is significantly different from random (90 o ) for each of the movement rules. n ¼ 12 shoals each containing 10 individuals. Significant p-values are highlighted in bold. rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151558 [50] . A shift in spectral composition may impact on behaviour of animals, particularly those that rely on colour-based visual communication [50, 51] . The impact of different types of turbidity on selfish herd responses to predation is yet to be studied.
We found no evidence that fish were moving away from the likely location of a predatory threat (following an AP rule): error associated with movement towards conspecifics was lower than the error associated with moving away from the predator. One might expect the direction of a predatory approach to have a significant effect on movement direction. Indeed, Viscido et al. [13] predicted that movement paths should include movement both towards conspecifics and away from the predator, and this behaviour has been observed in fiddler crab (Uca pugilator) flocks [52] and mini herds separated from droves [53] . We found no evidence to support the suggestion that a combination of GC (one of the best predictors of movement) and AP resulted in a smaller error than GC alone (see the electronic supplementary material). It is likely, therefore, that the directional information provided by the overhead stimulus was not sufficient to trigger this type of response, and our design more closely reflected the non-directional stimulus of Hamilton's [11] 'hiding lion', in which prey perceive the threat, but receive no information as to the possible direction of attack.
Although we find support for complex movement rules, we considered only a single, relatively small group size of 10 individuals (although this falls well within the normal range of shoal sizes found in the wild for this species [54] ). Theoretical work predicts that group size and density may be important in determining the best movement rule to follow, with simpler rules favoured when shoals are larger and the individuals within them are more dispersed [16] .
The cognitive complexity of using the position of multiple neighbours may also be dependent on group size, and in larger groups (for which LCH rules were developed [14] ) it may be more challenging for individuals to use these rules. Further work is needed to investigate whether patterns of rule following differ as a function of group size both within and between species, and whether there is commonality across species in the use of different rules. Different predation strategies (for example, dispersing prey before attacking, or delaying the attack until further into the centre of the group) may favour the evolution of different avoidance strategies [55] , either dynamically, as the same group faces different predators or threats, or as evolved responses across populations or species.
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